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Prior efforts demonstrated that RNA oligonucleotides containing the transcription termination signal UUUUUNU stimulate premature
termination of vaccinia virus early gene transcription, in vitro. This observation suggests that viral transcription termination may be an attractive
target for the development of anti-poxvirus agents. Since short RNA molecules are readily susceptible to nuclease digestion, their use would
require stabilizing modifications. In order to evaluate the effect of both ribose and uracil modifications of the U5NU signal on early gene
transcription termination, UTP derivatives harboring modifications to the uracil base, the 2′ position of the ribose sugar and the phosphodiester
bond were examined in an in vitro vaccinia virus early gene transcription termination system. Incorporation of 4-S-U, 5-methyl-U, 2-S-U, pseudo
U and 2′-F-dU into the nascent transcript inhibited transcription termination. 6-aza-U, 2′-amino-U, 2′-azido-U and 2′-O methyl-U inhibited
transcription elongation resulting in the accumulation of short transcripts. The majority of the short transcripts remained in the ternary complex
and could be chased into full-length transcripts. Initially, derivatives of all uridines in the termination signal were tested. Partial modification of the
termination signal reduced termination activity, as well. Introduction of 2′-O methyl ribose to the first three uridines of the U9 termination signal
reduced the ability of U9 containing oligonucleotides to stimulate in vitro transcription termination, in trans. Further modifications eliminated this
activity. Thus, viral early gene transcription termination demonstrates a rigorous requirement for a U5NU signal that is unable to tolerate
modification to the base or sugar. Additionally, VTF was shown to enhance transcription elongation through the T9 sequence in the template.
These results suggest that VTF may play a subtle role in early gene transcription elongation in addition to its known function in mRNA cap
formation, early gene transcription termination and intermediate gene transcription initiation.
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doi:10.1016/j.virol.2006.01.004infected cells. Viral gene transcription can be sorted into three
temporal classes. Early genes are transcribed in the virus core
deposited into the cytoplasm immediately upon infection. After
the onset of viral DNA replication, early gene transcription
ceases and two sequential gene classes are expressed,
intermediate and late genes, respectively. Each class possesses
its own set of transcription initiation factors (Moss, 2001).
Only early mRNA synthesis is terminated in a signal-
dependent fashion (Rohrmann et al., 1986; Shuman et al., 1987;
Yuen and Moss, 1986). Early genes possess the sequence
TTTTTNT in the non-template strand, which is transcribed
resulting in the incorporation of UUUUUNU (U5NU) into the
nascent message, located 30 to 50 bases upstream from the site
of poly A addition. U5NU serves as an obligatory signal that
Table 1
Modified UTP derivatives
Name Abbreviation
Uracil base modification
5-Methyluridine-5′-Triphosphate 5-Me-UTP
Pseudouridine-5′-Triphosphate Pseudo UTP
2-Thiouridine-5′-Triphosphate 2-S-UTP
4-Thiouridine-5′-Triphosphate 4-S-UTP
6-Azauridine-5′-Triphosphate 6-Az-UTP
Ribose modification
2′-Amino-2′-deoxyuridine-5′-Triphosphate 2′-Am-dUTP
2′-Azido-2′-deoxyuridine-5′-Triphosphate 2′-Az-dUTP
2′-Fluoro-2′-deoxyuridine-5′-Triphosphate 2′-F-dUTP
2′-O-Methyluridine-5′-Triphosphate 2′-OMe-UTP
Phosphate modification
Uridine-5′-O-(1-Thiotriphosphate) αS-P-UTP (Tp)
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Yuen and Moss, 1987). Early gene transcription termination
requires several protein components including: VTF, the
vaccinia termination factor (Shuman et al., 1987), NPH I, a
single stranded nucleoside triphosphate phosphohydrolase
(Christen et al., 1998; Deng and Shuman, 1998), and the virion
form of RNA polymerase containing the Rap94 subunit (Condit
et al., 1996). VTF also serves as the viral mRNA capping
enzyme, CE, which catalyzes the first three steps in cap
formation. Thus, VTF plays an essential role in the genesis of
both the 5′ and 3′ ends of the mature mRNA. However, its
function in transcription termination remains undefined.
Hydrolysis of ATP by NPH I provides the energy employed
in transcript release (Christen et al., 1998; Deng and Shuman,
1998). NPH I is tethered to the RNA polymerase via an
interaction between its C-terminal region and the N-terminal
domain of Rap94 (Mohamed and Niles, 2000). The association
of NPH I to Rap94 is required for transcription termination, in
vitro (Piacente et al., 2003).
Recent studies demonstrated that the U5NU signal can be
provided in trans to initiate transcription termination both using
a cell free extract and virus cores (Mohamed and Niles, 2003a,
2003b, 2004). This result supports a model where a factor,
presumably a protein, interacts with the U5NU sequence to
initiate the termination pathway. Modification of the U5NU
signal by mutation, by incorporation of 5 Bromo uridine
monophosphate (Shuman and Moss, 1988) or by inclusion of a
phosphorothioate linkage (Deng and Shuman, 1997) severely
reduces transcription termination, in vitro.
The ability of short U5NU containing RNA oligonucleo-
tides to stimulate transcription termination provides a novel
site for the possible development of antiviral agents.
However, short RNA molecules are susceptible to nuclease
digestion and inactivation. To stabilize such oligonucleotides,
chemical modifications are required. In order to evaluate
effect of both ribose and uracil modifications of the U5NU
signal on early gene transcription termination a series of
modified UTP derivatives were tested in an in vitro
transcription termination system. Modification of various
positions of the uracil ring exhibited variable effects on
transcription elongation, while modification of the 2′ position
of ribose inhibited transcription elongation dramatically. For
those that permitted elongation, none supported transcription
termination, demonstrating that viral early gene transcription
termination is unable to accept any modification to the U5NU
signal.
Results
In order to evaluate the effect of both ribose and uracil
modification of the U5NU termination signal on early gene
transcription termination, two series of ribose- and uracil-
modified UTP derivatives (Table 1) were tested in an in vitro
viral transcription system. A bead-bound template was
employed to separate transcription initiation from elongation
and termination. The prototype G21(TER29)A78 transcription
unit (Deng et al., 1996) (Fig. 1A) permits initiation oftranscription at a strong early promoter and elongation through
a 20 nucleotide G-less cassette in the absence of GTP and the
presence of 3′-OMe-GTP, yielding a 21 nucleotide transcript
referred to as G21 RNA. Following isolation and washing of
the bead-bound ternary complex, elongation in the presence
of all four regular nucleoside triphosphates and termination
factors yields either read through or termination products, which
can be separated by gel electrophoresis and observed by
autoradiography.
Fig. 1B shows the effect of various uracil modifications on
early gene transcription termination, in vitro. RNA synthesis
was initiated using a DEAE-purified virion extract preparation
(Rohrmann and Moss, 1985) and yielded a stable ternary
complex containing a radiolabeled G21 RNA. The template-
engaged (bead-bound) ternary complexes were collected,
washed and transcription termination was measured after a
second incubation in the presence of 1 mM of each of GTP,
CTP, ATP and either UTP or uracil-modified UTP derivatives
(Table 1), and the absence or presence of VTF. Fig. 1B, lane 1
contains the G21 RNA synthesized in the first step. In the
absence of VTF, elongation of the ternary complex beyond the
G21 position yielded a major read through (RT) product in the
presence of UTP, lane 2. Addition of 5-Me-UTP or pseudo UTP
in the second step also yielded full-length RT RNA (lanes 4 and
6, respectively). However, 2-S-UTP was less active in
elongation yielding a reduced amount of the RT product and a
moderate level of a shortened product resulting from transcrip-
tion pausing in the T9 region of the template (lane 8). A further
characterization of the paused ternary complex is described
below in Fig. 3. 4-S-UTP supported minimal elongation of the
G21 transcript beyond the U9 pause position (lane 10), while 6-
Az-UTP yielded no measurable elongation through the T9
sequence (lane 12). When the second elongation step was
conducted in the presence of both VTF and UTP (lane 3),
signal-dependent transcription termination was apparent. How-
ever, substitution of UTP with pseudo UTP, in the presence of
VTF, inhibited transcription termination dramatically (lane 7,
Table 2). Moreover, 5-Me-UTP, 2-S-UTP and 4-S-UTP also
prevented transcription termination (Fig. 1B, lanes 5, 9 and 11;
Fig. 1. Effect of various uracil modifications on early gene transcription. (A) A map of the bead-bound G21(TER29)A78 DNA template is shown (Deng et al., 1996).
The DNA template is uniquely biotinylated at the 5′ end of the template strand, which anchors the DNA to streptavidin-coated magnetic beads. Arrows represent the
RNA products synthesized under various experimental reaction conditions. The lengths of the RNA products are noted on the right. RT, read through transcript; Term,
termination product; U9, U9 pause product; G21, 21-nucleotide transcript; Pr, promoter; B, biotin. (B) RNA synthesis was initiated using a DEAE-purified virion
extract preparation. The template-engaged ternary complexes containing labeled G21 nascent RNAwere then separated, washed and incubated in the presence of 1
mM GTP, CTP, ATP and either regular or uracil-modified UTP derivatives. G21 RNAwas run in lane 1 as a size marker. Lanes 2–13 represent elongation reactions
performed in the absence (even lanes) or presence (odd lanes) of 2 pmol of VTF. RNA products were separated by gel electrophoresis, observed by autoradiography
and quantified by densitometry of the exposed film. Me, 5-Me-UTP; P, pseudo UTP; 2S, 2-S-UTP; 4S, 4-S-UTP; 6Az, 6-Az-UTP.
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Moss (1988, 1989) and demonstrate that any modification of the
uracil base in the U5NU termination signal dramatically inhibits
early gene transcription termination.
In order to assess the effect of various 2′ ribose modifications
on transcription termination, elongation of the G21 RNA was
carried out in the presence of GTP, CTP, ATP and either UTP or
a 2′ ribose-modified UTP derivative (Table 1), in the absence or
presence of VTF (Fig 2). Unlike UTP and similar to what was
seen in case of using 6-Az-UTP, elongation of the G21 RNA in
the presence of 2′-Am-dUTP, 2′-Az-dUTP or 2′-OMe-UTP was
severely inhibited resulting in the accumulation of the U9 pause
product (Fig. 2, lanes 1, 3 and 7, respectively). Substitution of
UTP with 2′-F-dUTP was more permissive to elongation
through the T9 sequence, yielding a small amount of the read
through product (lane 5). In contrast, as demonstrated by Deng
and Shuman (1997) substitution of UTP with αS-P-UTP did not
impede elongation through the U9 sequence (lane 9).
Nonetheless, addition of VTF during the second elongation
step containing any of the 2′modified-UTP derivatives or αS-P-
UTP failed to permit transcription termination (Fig. 2B, lanes 2,
4, 6, 8 and 10). These results demonstrate that modification of
the 2′ position of the ribose portion of uridines in the U5NU
termination signal inhibits early gene transcription termination.Chain-terminating UTP derivatives provide no information
related to transcription termination.
The effect of each modified UTP on transcription elongation
was further evaluated to determine whether the transcripts
synthesized in the presence of modified UTP were retained in
the ternary complex and whether these transcripts could be
further elongated, as would be expected for a true transcription
pause product. A series of reactions were conducted in which
G21 containing ternary complexes were elongated in the
presence of UTP or a modified UTP. At the end of the
incubation, the bead-bound RNA was partitioned from free
transcript and separated by gel electrophoresis to evaluate the
release of the transcript from the ternary complex. In Fig. 3A, it
can be seen that elongation with UTP resulted in the retention of
51% of the product RNA in the ternary complex. When a
modified UTP was employed, retention ranged from 33% to
70%. The 4-S substitution yielded the least stable ternary
complexes (lanes 2 and 3), perhaps due to the role of position 4
in base pair formation. Otherwise, the ternary complexes
formed with the modified UTPs were as stable as those formed
with UTP. The ability of the transcripts in the isolated ternary
complexes to be further elongated was tested by incubating the
isolated ternary complexes in the presence of four nucleoside
triphosphates and evaluating the RNA produced (Fig. 3B).
Table 2
Transcription termination and U9 pause efficiencies
UTP derivative VTF % Termination
efficiency
% U9 pause
efficiency
UTP − 15 1
+ 64 0.5
5-Me-UTP – 17 0.6
+ 17 0.6
Pseudo UTP − 19 1.5
+ 25 0.7
2-S-UTP − 17 34
+ 20 9
4-S-UTP − 19 68
+ 20 62
6-Az-UTP − − 97
+ − 97
2′-Am-dUTP − − 96
+ − 95
2′-Az-dUTP − − 96
+ − 96
2′-F-dUTP − 14 78
+ 17 49
2′-OMe-UTP − − 95
+ − 94
αS-P-UTP (Tp) − 12 4
+ 12 2
The percent termination efficiency was calculated as the percentage of the molar
ratio of terminated RNA to the sum of terminated and read through RNA. The
percent U9 pause efficiency was calculated as the percentage of the molar ratio
of U9 paused RNA to the sum of U9 paused and read through RNA.
Fig. 2. Effect of various ribose modifications on early gene transcription. RNA
synthesis was initiated using a DEAE-purified virion extract preparation. The
template-engaged 32P-labeled G21 RNA product was then separated, washed
and extended in the presence of 1 mM GTP, CTP, ATP and either regular or
ribose-modified UTP derivatives. Lanes 1–10 represent elongation reactions
performed in the absence (odd lanes) or presence (even lanes) of 2 pmol of VTF.
G21 RNAwas run in lane 11 as a size marker. RNA products were separated by
gel electrophoresis, observed by autoradiography and quantified by densitom-
etry of the exposed film. 2′Am, 2′-Am-dUTP; 2′Az, 2′-Az-dUTP; 2′F, 2′-F-
dUTP; 2′OMe, 2′-OMe-UTP; Tp, αS-P-UTP; RT, read through transcript; U9,
U9 pause product; G21, 21-nucleotide transcript.
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from 81 to 91%, demonstrating that the majority of the RNA
were true pause products. Extension of the pause products may
require removal of the modified nucleotide by the nucleolytic
activity inherent to the viral RNA polymerase (Hagler and
Shuman, 1993). The difference in elongation of the transcripts
may be due to differences in the rate of removal of the various
modified nucleotides.
In each of these analyses all uridines in the termination signal
were modified. In a prior study, Shuman and Moss (1988)
evaluated transcription termination in vitro at different ratios of
UTP/5Br-UTP. Their results indicated that partially modified
termination signals are less active or inactive, if one assumes
that the extent of incorporation of 5Br-UTP is identical to UTP.
To further evaluate the ability of partially modified termination
signals to support transcription termination, we took advantage
of prior results that demonstrated that U9 containing oligonu-
cleotides as short as 9 bases serve as effective stimulators of
premature termination of early gene transcription (Mohamed
and Niles, 2003b) and cause a dramatic sequence-specific
inhibition of virus-core-directed RNA synthesis (Mohamed and
Niles, 2004). The ability to stimulate transcription termination,
in trans, permitted an additional assessment of the termination
activity of oligonucleotides possessing partially modified U9
termination signals. Parallel studies showed that chimeric
oligonucleotides that retain a central U9 sequence flanked by
modified DNA or RNA sequences retained their ability to
stimulate premature transcription termination (unpublished
data). Chimeric oligonucleotides in which U9 is flanked oneach side by DNA linked with phosphorothioate bonds
(DNAPTU9) stimulate premature termination in vitro (Figs.
4A, D) about 2-fold better than DNAU9, which is about as
active as the original 22 mer U9 RNA (unpublished data). A
series of DNAPTU9 oligonucleotides that have positions 1,
1 + 2, 1 + 2 + 3, 1 + 2 + 3 + 4, 1 + 2 + 3 + 4 + 5 or
1 + 3 + 5 + 7 + 9 of the central U9 RNA sequence changed to 2′-
OMe ribose (Table 3) were evaluated for their ability to
stimulate transcription termination in vitro and to inhibit RNA
synthesis in virus cores (Figs. 4 and 5, respectively). Ternary
complexes containing the radiolabeled G21 transcript were
synthesized using the G21(TER29)A78 template, a wild type
virus-infected cell extract, ATP, α32P CTP, UTP and 3′-OMe-
GTP. The ternary complexes were isolated, washed and further
incubated with all nucleoside triphosphates, in the presence or
absence of VTF that was preincubated in the absence or
presence of increasing concentrations of the various DNAPTU9
oligonucleotides. Addition of increasing concentrations of
DNAPTU9-m1 exhibited a reduced ability to stimulate
premature termination (Figs. 4B, D). Similar results were
obtained with DNAPTU9-m2 (Fig. 4D). However, the termi-
nation activity of DNAPTU9-m3 was dramatically reduced
(Figs. 4C, D). Moreover, higher concentrations of this
oligonucleotide directly inhibited termination, as reflected by
an increase in the read through transcript, which is the result
of a general oligonucleotide inhibition of termination at
high oligonucleotide concentrations (Christen et al., 1999;
Fig. 4C, lanes 6–9). Addition of increasing concentrations of
DNAPTU9-m4, DNAPTU9-m5 or DNAPTU9-mixed failed to
stimulate premature termination and exhibited a similar general
inhibition of termination at high concentration (Fig. 4D). The
ability of DNAPTU9-m5 to compete with a U9 containing
oligonucleotide for binding to the U9 recognition site was
evaluated (data not shown). As shown previously for a 5Br U9
containing oligonucleotide (Mohamed and Niles, 2003b),
Fig. 3. Characterization of the paused ternary complexes. (A) The release of the
extended G21 RNA from the ternary complex formed by elongation in the
presence of UTP or a modified UTP and the absence of VTF were measured
after separating the bead-bound RNA from the free RNA in the transcription
incubation. B, bound; F, free RNA; modified UTP are indicated as in Figs. 1 and
2. (B) Extension of the ternary complex bound RNA. Ternary complexes were
isolated after extension of G21 RNA in the presence of UTP or modified UTP.
RNAwas extracted from one set of reactions (2). A third elongation reaction (3)
was conducted in the presence of four nucleoside triphosphates in a second set of
reactions. RNA was isolated and separated by gel electrophoresis. Modified
UTP are indicated as in Figs. 1 and 2. 2 and 3 refer to RNA isolated after the
second or third elongation step. Pause, the RNA bound in the ternary complex
after step 2 synthesis. The percent elongated was calculated by subtracting the
percentage of the molar ratio of the pause product remaining after step 3
synthesis to the pause product produced in step 2 synthesis from 100.
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to stimulate transcription termination. These results demonstrate
that substitution of three or more uridines in the central U9
sequence of the DNAPTU9 dramatically inhibits its ability to
stimulate premature termination.
In order to evaluate the effect of the different DNAPTU9
oligonucleotides on core RNA synthesis, vaccinia virions were
purified from the cytoplasmic fraction of infected cells
(Baroudy and Moss, 1980; Joklik, 1962) and used to
prepare transcription competent cores (Kates and McAuslan,
1967; Shuman and Moss, 1989). RNA synthesis was carried outin the absence or presence of increasing concentrations of
each of these oligonucleotides (DNAPTU9, DNAPTU9-m1,
DNAPTU9-m2, DNAPTU9-m3, DNAPTU9-m4, DNAPTU9-
m5 or DNAPTU9-mixed; Fig. 5). In the absence of added
oligonucleotide, a smear of RNA of different lengths was
synthesized, the products of up to 100 early genes of varying
size, lane 1. Titration of DNAPTU9 exhibited a concentration-
dependent inhibition of core RNA synthesis, with the average
size of the product RNA being shorter than the untreated
RNA, as expected if the RNA were produced by premature
transcription termination (Fig. 5A, lanes 2–6). In contrast,
addition of an RNA oligonucleotide containing a mutant U9
sequence failed to cause a significant inhibition of RNA
synthesis (Mohamed and Niles, 2004), demonstrating sequence
specificity (Fig. 5A, lane 7). Addition of increasing concentra-
tions of DNAPTU9-m1 exhibited a concentration-dependent
ability to inhibit core RNA synthesis that was reduced in
comparison to DNAPTU9 (Figs. 5B, D). Likewise, the activity
of DNAPTU9-m2 was similar to that of DNAPTU9-m1 (Fig.
5D). In contrast, DNAPTU9-m3 inhibited core RNA synthesis
only at high concentrations (Figs. 5C, D). Inhibition of core
RNA synthesis at high concentrations of phosphorothioate
oligonucleotides is independent of the U9 termination signal
and due to an inhibition of transcription initiation (data not
shown). Furthermore, DNAPTU9-m4, DNAPTU9-m5 and
DNAPTU9-mixed exhibited only the U9 independent inhibition
of core RNA synthesis (Fig. 5D). These results confirm that
substitution of 3 or more uridines in the U9 signal dramatically
inhibits its termination activity.
In several cases, i.e. 5-Me-UTP and pseudo UTP, modifica-
tion of UTP did not alter the transcription elongation (Fig. 1B).
However, for several base and 2′ sugar modifications, there was
a reduction in the amount of read through transcript produced
and an increase in the accumulation of transcription pause
products formed in the T9 stretch in the template. In each
instance where transcription elongation was reduced, addition
of VTF to the transcription reaction stimulated the production of
the read through transcript. Furthermore, the length of the U9
pause product was also increased (Figs. 1B and 2). This
observation is reminiscent of a result reported by Hagler et al.
(1994) who showed that addition of VTF stimulated elongation
when the elongation rate was decreased by the addition of
GMPPNP. The results were quantified and presented in Table 2.
For 2-S-UTP and 2′-F-dUTP, there is a measurable increase in
RT synthesis and a reduction in the amount of U9 pause seen
when VTF is present in the transcription reaction. In the case of
4-S-UTP and 2′-Am-dUTP, there is a small amount of RT
produced but a notable increase in the length of the U9 pause
products consistent with enhanced elongation through the T9
sequence. These results suggest an unexpected role for VTF in
early gene transcription elongation.
In order to further evaluate this phenomenon, the amount of
VTF required to stimulate transcription elongation was
compared to that needed to stimulate early gene transcription
termination (Fig. 6). Maximal transcription termination was
observed when 1 to 2 pmol of VTF was added to the second
elongation step in the presence of UTP (Fig. 6A). Titration of
Fig. 4. Effect of 2′-OMe ribose substitution on stimulation of premature termination by DNAPTU9 oligonucleotide. RNA synthesis was initiated using a WT virus-
infected cell extract. The washed G21 ternary complexes were incubated in the presence or absence of VTF that was preincubated in the absence or presence of
increasing concentrations of unmodified or 2′-OMe ribose substituted DNAPTU9 oligonucleotides, DNAPTU9 (A), DNAPTU9-m1 (B) and DNAPTU9-m3 (C). G21
RNAwas run in lanes 1 and 10 (A and C) or lane 9 (B) as a size marker. The percent premature termination indicated below the autoradiographs was quantified by
scanning the autoradiogramwith a densitometer. (D) A graphical representation of the average of multiple analyses for each oligonucleotide is shown. RT, read through
RNA; Term, termination product; PT, premature termination products; G21, G21 RNA; x, DNAPTU9; ◼, DNAPTU9-m1;▲, DNAPTU9-m2;□, DNAPTU9-m3; ◊,
DNAPTU9-m4; •, DNAPTU9-m5; ▵, DNAPTU9-mixed.
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dUTP (Fig 6B) showed similar concentration dependence for
the stimulation of RT synthesis and reduction in the U9 pauseTable 3
Oligonucleotides tested for their ability to stimulate premature termination in
vitro and to inhibit RNA synthesis in virus cores
Oligonucleotide Sequence (5′→ 3′)
DNAPTU9 G*G*G*C*C*G*G*CUUUUUUUUUG*C*G*T*T
DNAPTU9-m1 G*G*G*C*C*G*G*CmUUUUUUUUUG*C*G*T*T
DNAPTU9-m2 G*G*G*C*C*G*G*CmUmUUUUUUUUG*C*G*T*T
DNAPTU9-m3 G*G*G*C*C*G*G*CmUmUmUUUUUUUG*C*G*T*T
DNAPTU9-m4 G*G*G*C*C*G*G*CmUmUmUmUUUUUUG*C*G*T*T
DNAPTU9-m5 G*G*G*C*C*G*G*CmUmUmUmUmUUUUUG*C*G*T*T
DNAPTU9-
mixed
G*G*G*C*C*G*G*CmUUmUUmUUmUUmUG*C*G*T*T
The DNAPTU9 is a 22 mer chimeric RNA/DNA oligonucleotide that has a
central U9 RNA sequence flanked at either end by DNA sequences containing
phosphorothioate linkage. A series of modified DNAPTU9 oligonucleotides
(m1, m2, m3, m4, m5 and mixed) that have 2′-OMe ribose attached to uridine
residues at positions 1, 1 + 2, 1 + 2 + 3, 1 + 2 + 3 + 4, 1 + 2 + 3 + 4 + 5 or
1 + 3 + 5 + 7 + 9 of the U9 signal, respectively, are also shown. Asterisks (*)
denote phosphorothioate linkage. PT, phosphorothioate; m, 2′-O methyl ribose.product. These results support a possible role for VTF in early
gene transcription elongation.
Discussion
Termination of early gene transcription in vitro by vaccinia
virus RNA polymerase occurs downstream of a cis-acting
UUUUUNU (U5NU) signal in the nascent RNA strand
(Shuman and Moss, 1989; Yuen and Moss, 1987) and requires
a trans-acting termination factor, VTF (capping enzyme, CE)
(Shuman et al., 1987). However, recent studies demonstrated
that the U5NU signal can be provided in trans to initiate
transcription termination both using a cell free extract and virus
cores (Mohamed and Niles, 2003a, 2003b, 2004). This latter
observation impacts directly on the development of oligonu-
cleotide-based anti-poxvirus therapeutic agents since a short
U5NU containing oligonucleotide would prevent the synthesis
of full sized early mRNA. An inhibitor of early gene expression
would be especially valuable since it would not only inhibit
virus replication but it would also prevent the synthesis of a
family of poxvirus encoded proteins that inhibit the host
Fig. 5. Effect of 2′-OMe ribose substitution on inhibition of core RNA synthesis by DNAPTU9 oligonucleotide. Isolated virions were treated with NP40 and DTT.
RNA synthesis was carried out in the presence of all four NTPs and the absence or presence of increasing concentrations of unmodified or 2′-OMe ribose substituted
DNAPTU9 oligonucleotides DNAPTU9 (A), DNAPTU9-m1 (B) and DNAPTU9-m3 (C) or 100 pmol of the mutant-U5NU containing oligonucleotide. Transcription
products were then analyzed by electrophoresis through a 1% agarose gel containing formaldehyde, visualized by autoradiography and quantified by densitometry. The
percent RNA synthesis was calculated as the percentage of the molar ratio of total RNA synthesis in the presence of added oligonucleotide to total RNA synthesis in the
absence of any added oligonucleotide. (D) A graphical representation of the average of multiple analyses for each oligonucleotide is shown. M, mutant-U5NU
containing oligonucleotide; x, DNAPTU9; ◼, DNAPTU9-m1;▲, DNAPTU9-m2;□, DNAPTU9-m3; ◊, DNAPTU9-m4; •, DNAPTU9-m5; Δ, DNAPTU9-mixed.
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1997). Effective application of U5NU oligonucleotides to
inhibit virus replication requires that the oligonucleotides must:
(i) be stable when administered to the subject, (ii) remain stable
while in the cytoplasm of infected cells and (iii) retain its ability
to stimulate premature early gene transcription termination.
However, short RNA molecules are readily susceptible to
nuclease digestion. Consequently, stabilizing oligonucleotide
modifications that retain termination activity are needed.
In order to evaluate the effect of both ribose and uracil
modifications of the U5NU signal on early gene transcription
termination, an assortment of UTP derivatives harboring
modifications to the uracil base, the 2′ position of the ribose
sugar and the phosphodiester bond were examined in an in vitro
transcription termination system. Modification of variouspositions of the uracil ring in the U5NU signal exhibited
variable effects on transcription elongation. Some either served
as chain terminators (6-Az-UTP) or substantially inhibited
elongation (4-S-UTP). The 4 thio substitution would block base
pairing required during elongation, accounting for its inhibition
of elongation. However, it is not clear why replacement of a
carbon with a nitrogen at position six of the uracil ring (6-Az-
UTP) would so dramatically inhibit elongation. For those that
permitted elongation (5-Me-UTP, pseudo UTP and 2-S-UTP),
none supported transcription termination, demonstrating that
any modification of the 2, 4 and 5 positions of uracil in the
U5NU termination signal inhibits early gene transcription
termination. These observations extend the results of Shuman
and Moss (1988) who demonstrated that incorporation of 5-
bromouracil or 5-iodouracil within the U5NU element abolishes
Fig. 6. Effect of VTF on early gene transcription elongation. RNA synthesis was
initiated using a DEAE-purified virion extract preparation. The bead-bound
ternary complexes containing 32P-labeled G21 RNA product were then
separated, washed and incubated in elongation buffer. (A) Elongation was
performed in the presence of 1 mM of each of GTP, CTP, ATP and UTP and the
absence (lane 2) or presence (lanes 3–6) of increasing amounts of VTF. (B)
Elongation was performed in the presence of 1 mM of each of GTP, CTP, ATP
and 2′-F-dUTP and the absence (lane 4) or presence (lanes 5–8) of increasing
amounts of VTF. G21 RNAwas run in lane 1 as a size marker. RNA products
were separated by gel electrophoresis and observed by autoradiography. The
percent termination or read through, indicated below the autoradiographs, was
quantified by scanning the autoradiogram with a densitometer. RT, read through
transcript; Term, termination product; U9, U9 pause product; G21, 21-
nucleotide transcript.
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either terminated or inhibited transcription elongation dramat-
ically. Substitution of the 2′ hydroxyl group with the bulkier
amino, azido or O methyl groups inhibited elongation, perhaps
due to steric hindrance or alteration of the sugar conformation.
Although reduced, the smaller 2′-F-dU substitution permitted
minimal elongation. Those that were able to support partial
synthesis of the full sized transcript (2′-F-dUTP) failed to
support transcription termination. On the other hand, substitu-tion of UTP with αS-P-UTP did not interfere with elongation
efficiency; however, termination was abrogated (Deng and
Shuman, 1997).
Initial analyses of the modified UTPs evaluated activity of
fully altered termination signals. The ability of U9 containing
oligonucleotides to stimulate premature transcription termina-
tion (Mohamed and Niles, 2003b) permitted an analysis of the
activity of partially modified U9 sequences. U9 containing
oligonucleotides harboring one or more 2′-O methyluridines in
the U9 sequence exhibited reduced transcription termination
activity. Modification of as few as three uridines dramatically
inhibited the termination activity highlighting the remarkable
specificity of this termination signal.
Prior results suggested that the U5NU recognition factor
exists in two conformations (Deng and Shuman, 1997;
Mohamed and Niles, 2003b). In the resting state, the U5NU
recognition factor is inactive. When bound to U5NU, whether
located in an oligonucleotide or in the nascent transcript, the
factor assumes the active conformation and participates in a
sequence of events resulting in the release of the nascent RNA
from the ternary complex. However, the oligonucleotide
binding alone is not sufficient to induce the active conformation
of the U5NU recognition factor. 5BrdU containing oligonucleo-
tides and DNAPTU9-m5 bind well but do not stimulate
premature transcription termination, demonstrating that correct
docking of the termination signal to the recognition factor is
required for its subsequent activation (Mohamed and Niles,
2003b). Analyses of additional modified UTPs indicate that
productive binding may be prevented either by modification of
the 2, 4 or 5 position of the uracil ring or the 2′ position of ribose
in the U5NU signal. This is also consistent with the prior
finding that incorporation of the α-thiophosphate-UTP by RNA
polymerase prevents transcription termination (Deng and
Shuman, 1997). Incorporation of α-thiophosphate results in
inversion of chirality at the α-phosphorus from the Sp
configuration of the NTP precursor to an Rp diastereomer of
the NMP in the RNA chain (Eckstein, 1985). This conforma-
tional change likely interferes with the correct docking of the
termination signal to the recognition factor. Viral early gene
transcription termination exhibits a remarkable specificity for
the U5NU signal that is unable to accept any modification to the
base, sugar or phosphodiester bond.
The presence of VTF (capping enzyme, CE) had a positive
influence on transcription by enhancing elongation through the
T9 sequence in the template. This was reflected either in a
decrease in the amount of, or an increase in the length of, the U9
pause product and increased synthesis of the RT product (Table
2). A titration of VTF/CE with 2′-F-dUTP showed a
concentration-dependent enhancement of elongation through
the T9 stretch and an increase in the level of RT. These results
suggest a role for vaccinia CE in early gene transcription
elongation (Hagler et al., 1994). Likewise, Deng and Shuman
(1998) demonstrated a similar stimulation of elongation by
NPH I through T9 in the ter29 template at low UTP concen-
trations. In either case, the mechanism of stimulation is unclear.
The question of whether capping enzymes play a key role in
coordinating mRNA processing and transcription elongation
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Mammalian capping enzymes were shown to be targeted to pre-
mRNA by interacting directly with the elongating form of RNA
polymerase II (pol IIO, the form in which the largest subunit
contains a phosphorylated C-terminal domain, CTD), but not
with the initiating form (pol IIA, the form in which the CTD is
either unphosphorylated or hypophosphorylated) (Cho et al.,
1997; McCracken et al., 1997; Yue et al., 1997). Several groups
have described “checkpoints” in transcription (summarized in
Orphanides and Reinberg, 2002). As operated during the cell
cycle to ensure that each phase is complete before the next one
begins, a checkpoint in early transcription is suggested to play a
role in ensuring that only the properly modified RNA is
extended. Pol II transcription is thus subjected to checkpoint
control to coordinate transcription with mRNA capping (Chiu et
al., 2002; Moteki and Price, 2002; Orphanides and Reinberg,
2002). Other results suggest that CTD phosphorylation
contributes to a high efficiency of capping and that capping
could, therefore, be closely coordinated with conversion of a
promoter-proximal arrested ternary complex into an actively
elongating complex to ensure that abortive transcripts do not get
capped and, therefore, do not compete for cap-binding proteins
(McCracken et al., 1997). Recently, one of the temperature-
sensitive alleles of the Saccharomyces cerevisiae CEG1 capping
enzyme guanylyltransferase subunit gene was shown to display
the transcription elongation-defective mutant phenotype in
addition to the compromised catalytic activity, demonstrating
that a reduced capping event resulted in diminished progression
of pol II transcription and suggesting that the guanylyltransfer-
ase subunit of the S. cerevisiae CE plays a role in transcription
elongation as well as cap formation (Kim et al., 2004).
Moreover, ts mutants of the yeast cap methyltransferase,
Abd1, impede pol II progress in the promoter-proximal region,
indicating a role for Abd1 in the promoter clearance and/or
promoter-proximal elongation steps of transcription that is
independent of its methyltransferase activity (Schroeder et al.,
2004). In addition, the recruitment of CE to the transcription
complex was found to disable the negative elongation factor
(NELF)-mediated repression of transcription by interacting
functionally with NELF or NELF-containing complexes during
transcription, indicating a dynamic role of CE in the elongation
checkpoint control mechanism during promoter clearance
beyond its catalytic activities (Mandal et al., 2004). Further-
more, CE was shown to interact physically with many positive
elongation factors including SPT5 and P-TEFb in human and
yeast cells (Lindstrom et al., 2003; Pei and Shuman, 2002; Pei et
al., 2003; Wen and Shatkin, 1999) which suggests that capping
enzyme might directly recruit the positive factors to form an
elongation complex or stimulate their activities (Kim et al.,
2004). The positive factor, P-TEFb, thus recruited might reverse
transcriptional delay by phosphorylating CTD and/or Spt5.
The multisubunit RNA polymerases of prokaryotes and
eukaryotes adopt similar elongation complexes (Hagler and
Shuman, 1992a, 1992b). The finding that vaccinia CE is
directed to the ternary complex by an interaction with RNA
polymerase (Hagler and Shuman, 1992a) and that it remains
associated with the elongation complexes after the cap structurehas been formed (Hagler et al., 1994), along with our current
observations, supports a possible role for the vaccinia CE in
transcription elongation, similar to that of other eukaryotes.
Future studies of the cross talk between CE and the transcription
elongation machinery should provide an insight into under-
standing the exact role of CE in vaccinia virus early gene
transcription elongation and help us determine if a similar early
transcription checkpoint mechanism exists.
Materials and methods
Cells and viruses
Wild type (WT) vaccinia virus (Western Reserve strain, WR)
was propagated in BSC40 African green monkey cells at 37 °C
as described previously (Condit and Motyczka, 1981). Crude
virus containing extracts of infected cells were prepared by
freeze/thaw, and infectious virus titer was determined by plaque
assay on BSC40 cells at 37 °C.
Purification of vaccinia virus virions
Vaccinia virions were purified according to a procedure that
was previously described by Baroudy and Moss (1980) and
with slight modification of the original procedure described by
Joklik (1962). Briefly, vaccinia virus was grown in BSC40 cells
and purified from the cytoplasmic fraction by sedimentation
through a cushion of 36% (w/v) sucrose and two successive 25
to 40% (w/v) sucrose gradient sedimentations. The virion band
was separated, diluted and virions were pelleted by centrifuga-
tion. The virions were then resuspended in 10 mM Tris–HCl,
pH 7.5.
Transcription extracts
Virus-infected cell extract
Transcription extract was prepared from virus-infected cells
by lysolecithin treatment, as described (Condit et al., 1996).
A549 cells were infected with WT virus at a multiplicity of
infection (m.o.i.) of 15, at 37 °C. After 24 h, the medium was
removed and replaced with 40 °C medium containing 100 μg/
ml of cycloheximide. After a further 24 h at 40 °C, cells were
washed and treated with 250 μg/ml lysolecithin and extracts
prepared.
Virion extract
Transcription extract was prepared from purified vaccinia
virions as described previously (Rohrmann and Moss, 1985).
Briefly, 5 mg of purified virions was incubated on ice for 1 h in a
500 μl lysis buffer containing 100 mM Tris pH 8.0, 10 mM
DTT, 250 mM KCl, 0.2 mM EDTA and 0.2% sodium
deoxycholate. Following incubation, the insoluble materials
were sedimented by spinning at 13,000 rpm for 20 min at 4 °C.
The clear supernatant was passed through a 25 G needle 5 times
to shear the DNA and reduce viscosity. The clear supernatant
was then applied to a DEAE–cellulose column equilibrated in
buffer containing 100 mM Tris pH 8.0, 10 mM DTT, 250 mM
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additional buffer, 500 μl fractions were then collected; the
protein determined using the Bio-Rad kit and transcription
activity was measured.
Transcription using a bead-bound template
Construction of the G21(TER29)A78 template was previ-
ously described (Deng et al., 1996), and the plasmid
containing this sequence was generously provided by Dr.
Stewart Shuman of the Memorial Sloan Kettering Cancer
Center. The G21(TER29)A78 transcription unit (Fig. 1A)
contains a synthetic early promoter fused to a 20-nucleotide
G-less cassette, which is followed by three G residues at
positions +21 to +23. RNA synthesis in the absence of GTP
and the presence of 3′-O methyl GTP (3′-OMe-GTP) yields a
21 base product, G21. A 57-nucleotide A-less cassette lies
downstream of the G-less cassette and flanked at its 3′ end by
four A residues at positions +78 to +81. A termination signal,
TTTTTTTTT, lies within the A-less cassette, spanning
position +29 to +37. The 324 bp DNA template was PCR
amplified employing a 5′ biotinylated downstream primer and
isolated by preparative agarose gel electrophoresis. The
purified DNA fragment was then immobilized to streptavi-
din-coated magnetic beads (Dynabeads M280; Dynal) as
described (Hagler et al., 1994).
Transcription termination assays were performed using
either a WT virus-infected cell extract or a DEAE-purified
virion extract preparation. The bead-bound (B) template
(typically, 100 fmol) was first incubated with either 4 μl of
WT virus-infected cell extract or 0.5 μl of the DEAE-purified
virion extract preparation, in the presence of 1 mM ATP, 10
μCi α32P-CTP (800 Ci/mmole), 0.1 mM UTP and 0.625 mM
3′-OMe-GTP to synthesize the G21 transcript. The ternary
complex was isolated, washed twice with 0.1 ml of
transcription salts and incubated in the presence of 1 mM
of each of GTP, CTP, ATP and either regular or modified
UTP and in the presence or absence of VTF. For the
premature termination assays, washed ternary complexes were
resuspended and incubated in the presence or absence of VTF
that was preincubated in the presence or absence of various
oligonucleotides for 10 min on ice, prior to incubation with
the ternary complexes. Elongation of the G21 RNA in the
presence of all 4 regular NTPs to the end of the template
would yield a read through (RT) transcript of about 177 bases
in length. cis-acting U5NU-dependent termination would
yield a family of termination products of about 70 bases in
length, while U5NU-oligonucleotide-dependent termination
would yield a premature termination product (PT) that is a
few nucleotides longer than the G21 RNA. The transcription
products were analyzed by electrophoresis through a 12%
polyacrylamide gel containing 8 M urea, visualized by
autoradiography and quantified by scanning the autoradio-
gram with a Bio-Rad GS 700 densitometer. Percent U9 pause
efficiency was calculated as the percentage of the molar ratio
of U9 paused RNA to the sum of U9 paused and read
through RNA. Percent termination efficiency was calculatedas the percentage of the molar ratio of terminated RNA to the
sum of terminated and read through RNA. Percent premature
termination efficiency was calculated as the percentage of the
molar ratio of prematurely terminated RNA to the sum of
terminated, prematurely terminated and read through RNA.
Percent read through efficiency was calculated as the
percentage of the molar ratio of read through RNA to the
sum of read through and U9 paused or terminated RNA.
Modified UTP derivatives were obtained from Trilink
Biotechnologies, www.trilinkbiotech.com.
Transcription using permeabilized virions
Transcription using permeabilized virions was done as
previously described (Shuman and Moss, 1989), with some
modifications (Mohamed and Niles, 2004). Briefly, purified
virions were first preincubated with 10 mM dithiothreitol (DTT)
and 0.05% Nonidet P-40 (NP40) for 3 min at 37 °C followed by
the addition of the remaining reagents, and incubation was
continued for 20 min at 37 °C. Typically, 40 μl reaction
mixtures containing 60 mM Tris–HCl, pH 8.0, 10 mM MgCl2,
10 mM dithiothreitol, 5 mM ATP, 1 mM UTP, 1 mM GTP, 0.6
μM CTP, 6.6 μCi α32P-CTP (800 Ci/mmol), 10 μM AdoMet,
0.05% Nonidet P-40 and 270 ng purified vaccinia virions (0.1
A260/ml) were incubated at 37 °C for 20 min. Reactions were
quenched with 160 μl of buffer containing 50 mM Tris–HCl,
pH 8.0, 10 mM EDTA, 10 mM dithiothreitol and 0.05%
Nonidet P-40 and treated with 20 μg proteinase K for 2 h at 37
°C. Total RNA was then extracted with phenol:CHCl3 and
precipitated with ammonium acetate and isopropanol. The
transcription products were analyzed by electrophoresis through
1% agarose gels containing 2.2 M formaldehyde (Goldberg,
1980; Lehrach et al., 1977; Maniatis et al., 1982; Rosen et al.,
1990; Seed, 1982). Gels were dried, and labeled RNAs were
visualized by autoradiography. RNA was quantified by
densitometry of the autoradiographs using a Bio-Rad GS 700
densitometer and analyzed with Quantity One software. Lanes
containing co-electrophoresed unlabeled RNA size standards
were cut out, and RNA bands were located by staining with
ethidium bromide.
Oligonucleotides
Oligonucleotides used in this study (Table 3) were
chemically synthesized by Integrated DNA Technology Inc.
(IDT).
The DNAPTU9 is a 22 mer chimeric RNA/DNA oligonu-
cleotide that has a central U9 RNA sequence flanked at either
end by DNA sequences containing phosphorothioate linkage. It
is identical to the 22 mer U5NU oligonucleotide described
previously (Mohamed and Niles, 2003a), except for the
substitution of the RNA sequences flanking the central U9
RNA sequence with DNA sequences containing phosphor-
othioate linkage. A series of DNAPTU9 oligonucleotides that
have 2′-O methyl (2′-OMe) ribose attached to uridine residues
at positions 1, 1 + 2, 1 + 2 + 3, 1 + 2 + 3 + 4, 1 + 2 + 3 + 4 + 5 or
1 + 3 + 5 + 7 + 9 of the U9 signal were also synthesized.
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